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REMARKS 

Claims 20-22, 24-31 , and 33-39 are pending rn tlie application. 

Claim Rejections - 35 U.S.C. 112 
Claims 20. 25, 31 stand rejected under 35 U.S.C. 112, 2nd paragraph, as being 
indefinite. 

In claim 20. the examiner objects to 'minimally reduced", "bi-continuous", and 
"hydreJysis component on PVAc basis". 

Native starch has commonly a molecular weight of 25-60 x 10® g/mol, i.e., a 
molecular weightthat is extremely high. This wide range is the result of natural fluctuations 
and measuring imprecisions when determining such high molecularwefghts. The invention 
provides as an example a molecular weight of 40 x 1 0® g/mol for the average molecular 
weight of native potato starch (see table bridging pages 6 and 7). 

The molecular weight of starch is drastically reduced by thennoplastic processing 
of any kind, for example, by the effect of shearing forces, heat, and chemical 
decomposition. 

The molecular weight (MW) of native starch when being processed to thennoplastic 
starch (TPS) is reduced; this can also be seen in the aforementioned table. Example No. 
1 shows that the MW of TPS is reduced to 13.2 x 1 0® g/mol (page 7, line 1. of the instam 
application) in comparison to native starch. It is also shown that commercially available 
products such as MaterBi have MW reduced by a factor 100 relative to native starch. 

In the polymer blend according to the Invention, the molecular weight of the starch 
is however only minimally reduced. The table on page 7 of the instant application shows 
that the addition of the catalyst (dilute HNO3) alone reduces the molecular weight of the 
starch significantly (molecular weight 1 .4 to 4 x 10^ g/mol) and that the Inventive addition 
of the hydrolysis component of PVAc (samples No. 4 through 6) counteracts the starch 
decomposition caused by acid. The addition of PVAc hydrolysis component according to 
the Invention even has the effect that the starch has a higher molecular weight than that 
of known thermoplastic starch (example No. 1 ). In comparison to native starch (example 
No. 7, MW 40 X 10* g/mol). the molecular weight is lowered by less than 50 % (examples 
Nos. 4 through 6: 24 to 25 %) when adding the PVAc hydrolysis component according to 
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the invention. Accordingly, the starch processing according to the present invention leads 
to minimally reduced molecular vi^eights. In applicant's opinion, the specification provides 
sufficient disclosure for the term minimally reduced. 

As a result of the high molecularweightof the starch in the polymer blend acconjing 
to the invention, the mechanical properties are improved (stress at break, stretch at break, 
and the modulus of elasticity). Because of the higher molecular weight of the starch in the 
polymer blend according to the invention, the starch ratio can be increased without 
compromising the mechanical properties. Because of the higher starch content, the total 
energy consumption for producing the blend and the manufacturing costs for producing the 
blend are lowered while the blend exhibits impn^ved biological decomposition. This is in 
line with the economical and ecological goals of the present invention. 

As regards the term bi-continuous phase stmcture, applicant submits two 
publications. Discontinuous phase structure refers to a two-phase structure. The first 
publication, "Formation of Co-Continuous Open-Celled Morphologies in Biopolymere", by 
Todd Crosby and Sachin Velankar of the Chemical and Petroleum Department of the 
University of Pittbungh, discloses that the terms co-continuous and bi-continuous are 
synonyms (see line 2 of the first paragraph of publication) and that "in such bl-continuous 
or co^continuous blends each phase is interlocked within one another and removal of one 
phase will leave the other self-supporting". 

Also, the attached article from the Journal of Macromolecular Science (Vol. C43, 
No, 1, pp. 87) by Petra P5tsch and D.R. Paul discloses that: 

"In a co-continuous polymer blend each component is a polymer phase with its own 
internal network-like structures from which its properties result. This general definition 
includes different scales of mixing. In fact, in the literature, co-continuous phase structures 
are often described as interpenetrating polymer networks (IPNs), The term IPN more 
typically refers to a bi-continuous structure on the mixing level of polymer chains... In a 
binary co-continuous blend the surface of each phase is an exact topological replica of the 
other; light are complementary reversed (antitropic) as shown in Fig. 2 (page 90 to 92)," 

Therefore, the term bi-continuous is well known in the art; any person skilled In the 
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art will be aware of rts meaning. 

This definition is consistent with the instant specification where the properties of the 
bi-continuous phase morphology are disclosed on page 5, third paragraph. 

The bl-continuous phase sfntcturB has also the advantage that the hydrophobic 
properties of the synthetic polymer component even for a relatively minimal proportion 
within the total mixture are imparted to the material as a whole. At the same time, the 
properties of the thermoplastic starch, such as high mechanical strength, minimal oxygen 
permeability, quick biological degradabilHy, remain intact." 

In claim 25 the examiner objects to "lower polyfunctional alcohols". It is respectfully 
submitted that examples of lower polyfunctional alcohols are given in the specification 
(page 1, last paragraph). Therefore, it is apparent to a person skilled In the art what is 
meant by this phrase. 

Claim 31 has been reworded in view of the examiner's objection. 

Reconsideration and withdrawal of the rejections under 35 USC 1 12 are respectfully 
requested. 

Claim Rejection under 37 CFR 1.75(c) 

Claim 32 is objected to under 37 CFR 1 .75(c) for failing to further limit the subject 
matter of the previous claim. This rejection is not understood. The examiner argues that 
claim 25 encompasses a method for producing a polymer blend using steps a) and b) and 
states that claim 32 encompasses a step of producing a hydrolyzed component. This 
hydrolyzed component is one of the components used In step a9. Therefore, claim 32 
defines how one of the components for producing the polymer is to be prepared. This is 
a further limitation of the process of producing the polymer blend. 

In any case, the limitation of claim 32 has been introduced into claim 25. and claim 
32 is canceled. 

Reiection under 35 U,S.C. 102 

Claims 20, 22. 24 stand rejected under 35 U.S.C. 102(b) as being anticipated by 
Flitter et aL (US 5,439,953). 

Claim 20 has been amended by including the feature of claim 23 so that the above 
rejection no longer applies. 
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Reiectfon under 35 U,S.C, 103 

Claims 20, 22, 24 stand rejected under 35 U.S.C. 103(a) as being obvious In view 
of RitteretaL (US 5,439s953). 

Claim 23 stands rejected under 35 USC 103(a) as being unpatentable over Rftter 
et aL and Stepto et aL Claim 23 iias been incorporated into claim 20. Therefore, the 
rejection over Ritfer et aL and StQpto et aL will be addressed in the following. 

The examiner argues that the prior art reference discloses a starch-based polymer 
compound with a starch content of 40 to 50 % and a synthetic polymer content of 25 to 40 
%. Ethylene glycol etc, can also be used and is interpreted by the examiner as hydrolysis 
component. The disclosed polymers include polyvinyl acetate. 

Claim 20 defines that the thermoplastic polymer blend comprises a thermoplastic 
starch, at least one synthetic polymer, a hydrolyzed polyvinyl acetate (PVAc) saponified 
to a hydrolysis degree of 20 to 70 %, and an acidic catalyst, wherein the starch component 
of the polymer blend has a molecular weight which is only minimally reduced relative to 
native starch and wherein the thermoplastic polymer blend has a bi-continuous phase 
structure. 

The patent to Ritter et aL discloses starch-based materials and molded parts 
modified by synthetic polymers. The starch Is thennomechanically digested at elevated 
pressures and temperatures and contains synthetic polymer compounds in at least largely 
homogenous mixture. These synthetic thennoplastic polymer compound is present as an 
aqueous polymer dispersion during processing and the thermoplastic polymer has been 
incorporated In combination with the aqueous phase in such a way that the starch digestion 
has been effected by the concomitant use of the aqueous phase of the polymer dispersion. 
The starch digestion preferably is carried out in a one step process while mixing the 
aqueous polymer dispersion Into the starch. 

Even though the prior art mentions that polyvinyl acetate can be used as the 
thermoplastic polymer in the blend, there is no indication or suggestion that the polyvinyl 
acetate Is hydrolyzed to a degree of 20 percent to 70 percent The components ethylene 
glycol etc. mentioned in Rftter et aL are used as plastfcizers in addition to or in place of 
water. As mentioned in Ritter et aL (coi. 6, lines 53 to 56), thermomechanlcal starch 
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digestion takes place in the extruder. As discussed above, such thermomechanfcaf 
digestion leads to starches having a significantly reduced molecular weight as evidenced 
in the table on page 7 of the instant application. The molecular weights resulting from 
thennomechanical digestion (product TPS) are much lower than the minimally reduced 
molecular weight achieved according to the present Invention (see page 7 of the instant 
specification). 

The examiner cites SteptoetaL to show the use of acid catalysts fordestructurizlng 
starch. Stepto et at. discloses that the molecular weight of the starch is reduced by a factor 
2 to 5000 when adding an acidic catalyst. The disclosed use of the acidic catalyst in Stepto 
etai for the purpose of destructuri2Jng the starch and reducing its molecular weight cannot 
be viewed as an incentive to employ the chain scission catalyst for the purpose of 
improving the properties of the blend, including keeping the molecular weight high. The 
instant specification shows that the addition of an acidic catalyst reduces the molecular 
weight of the starch more than in the thermomechanlcal process used for TPS (see 
examples 1 , 2, 3 of page 7), Therefore, a person skilled in the art would not consider the 
addition of a known acidic chain scission catalyst to a starch mixture when trying to 
improve the properties of the starch blend. 

The blends of the present invention are moreover characterized by a bi-continuous 
phase structure imparting to the blend the hydrophobic properties of the synthetic polymer 
component evenfor a relatively minimal proportion within the total mixture and. at the same 
time, the properties of the thermoplastic starch, such as high mechanical strength, minimal 
oxygen permeability, and quick biological degradability (see page 5, lines 11-24). These 
properties allow the pnxluction of films from the blend according to tfie invention. 

The blends of Ritteret ai are suitable only for injection molding. 

Reconsideration and withdrawal of the rejection of claims 20, 22, 24 under 35 USC 
103 over Ritteret al. and Stepto et al. are respectHilly requested. 

Claim 21 stands rejected under 35 U.S.C. 103(a) as being unpatentable ower Ritter 
et al. and Sachetto et al. (EP 0 404 723), 

Sachetto et al. discloses a composition containing starch, at least one copolymer, 
and a thermoplastic polymer. Also disclosed are suitable additives. 
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As pointed out above, the patent to Ritter et aL does not dfsclose the basic 
composition as claimed In claim 20. Therefore, the disclosure of addrtives cannot make 
obvious the subject matter of claim 21 that depends from claim 20. 

Claims 25, 28-31 , 36-37 stand rejected under 35 USC 1 03(a) as being unpatentable 
over Ritter et aL and Stepto et aL (US 5,382,611), 

Claim 25 has been amended to include the features of claim 32 so that the above 
rejection no longer applies. However, claims 32-35 and 39 stand rejected under 35 USC 
1D3(a) as being unpatentable oy&r Ritter et aL, Sfepto etaL, and Sachetfo etaL Therefore 
this rejection will be addressed in the following. 

As pointed out by the examiner. Ritter etaL does not mention an acid catalyst 

The examiner cites SteptoetaL to show the use of acid catalysts fordestmcturizing 
starch. Stepto et aL discloses that the molecular weight of the starch is reduced by a factor 
2 to 5000. 

Sachefto et aL disdose the use of PVAc/PVOH in connection wfth destructurized 
starch and polymers but not the use of an acidic catalyst in this connection. 

In the present invention, the acidic catalyst is used not to destruoturize the starch 
(i.e., reduce the molecular mass) but to improve the properties of the blends, including 
keeping the molecular weight at a fevel as high as possible. As pointed out in the Instant 
specification (page 4. lines 19ff), the acidic catalyst, contrary to prejudice in the art, was 
found to promote the quickly occurringtransesterification or cross-linking reaction of starch, 
of the hydroiyzed PVAo, and synthetic polymer in the presence of water. This Improves the 
molecular weight, rheological properties, and melt viscosity of the blends. The acid- 
catalyzed reaction occurs in the shearing field of the extaider so that it is possible to carry 
out processing with relatively large amounts of moisture in the mixture. The addition of the 
catalyst also allows adjustment of the rheologic properties of the mixture within certain 
limits so that the adjustment of the viscosity of the blends can be improved. It is possible 
to adjust excellent reproducible processing conditions within the extruder. 

This is not obvious In view of cited prior art references. Even (f the Ritter et aL 
composition were changed to include the hydroiyzed PVAc component as suggested by 
Sachetto et aL, it would not be obvious to add an acidic catalyst because Stepto et aL 
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dearly teach that adding an acidic catalyst will lead to destructurized starch that has a 
greatly reduced molecular weight (up to a factor 5000!) - Stepto et af. refer to the acidic 
catalyst as a chain scission catalyst The disclosed use of the acidic catalyst in Stepto et 
aL for the purpose of destructurizing the starch and reducing its molecular weight cannot 
be viewed as an Incentive to employ the chain scission catalyst for the purpose of 
improving the properties of the blend, including l<eeping the molecular weight high. 

Therefore, a person skilled in the art would not consider the addition of a known 
chain scission catalyst to a starch mix when trying to improve the properties of the starch 
blend. 

However, contrary to all expectations, the inventors have discovered that acidic 
catalyst imparts unexpected properties to the blend. As stated on page 6. lines 1-24, of the 
instant specification, the rheological properties can be adjusted and the adjustment of the 
viscosity of the polymers can be improved (see also page 6, lines 13-15; higher melt 
viscosity). Also, bi-continuous stable phase morphology of the blend results, and this 
allows the production of transparent films. Hydrophobic properties of the synthetic polymer 
component is imparted to the blend as a whole; the high mechanical strength, minimal 
oxygen permeability and quick degradability, properties of the thenmoplastic starch are 
maintained. l\/lolecular weight reduction is obsen/ed only to a limited extent (page 6, lines 
17-18, of the instant specification). The tensile strength p^^ as well as the tensile module 
are increased for the blends of the present Invention as evidenced by examples 1 5 (without 
acidic catalyst) and 16 (acidic catalyst added). Also, the example 1 5 and 1 6 demonstrate 
that the blend 16 according to the invention enables the production of films that are 
substantially thinner (reduced from 80-100 pm for example 15to 60 to 80 Mm for example 
16) than with prior art blends. See also the Table on page 12 of the instant specification 
showing various examples where the film thickness is typically 30 to 60 pm for the 
inventive blends. 

Moreover, the PVAc/PVOH components of Sachetto et aL are technical products 
(Airvol 540S; Pebax MA-4011); such technical products have statically distributed OH 
groups within the PVAc. The present invention uses an aqueous PVAc dispersion that is 
saponified at 120 to 140 *C (see page 6, lines 2-4, of the instant specif icatfon). Such a 
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process leads to block-saponified PVAc. 

In view of the above arguments, neither clainri 25 drawn to a method nor claim 20 
drawn to a themioplastic polymer blend Is obvious in view of Ritter et aL, Stepto et aL , and 
Sachetto et aL 

Claims 26-27 stand rejected under35 USC I03(a)as being unpatentable over Rrffer 
et aL, Stepto et aL, and Otey et aL (US 3,949,145), Claim 38 stands rejected under 35 
USC 103(a) as being unpatentable over R/fferef a/., SteptoetaL, and Anderson etaL (US 
6,231,970). The claims 27, 27, and 38 are beKeved to be allowable as dependent claims 
of claim 25. 

CONCLUSION 

In view of the foregoing, it Is submitted that this application is now in condition' for 
allowance and such allowance is respectfully solicited. 

Should the Examiner have any further objections or suggestions, the undersigned 
would appreciate a phone call or e-mail from the examiner to discuss appropriate 
amendments to place the application into condition for allowance. 

Authorization is herewith given to charge any fees or any shortages In any fees 
required during prosecution of this application and not paid by other means to Patent and 
Trademark Office deposit account 50-1 199. 

Respectfully submitted on August 2, 2004 . 

Lx^dua^ f\ 4Li tl^j rrr- 

Ms. <^drun E. Huckett, Ph,D; 
Patent Agent, Registration No. 35,747 
Lonsstr. 53 
42289 Wuppertal 
GERMANY 

Telephone: +49-202-257-0371 
Facsimile: +49-202-257-0372 
gudrun.draudt@t-online.de 

GEH 

End- - time extension petition (1 sheet); 

- Journal of Macn;>molecular Science Vol. C43, No. 1 , 2003 (pages 87 to 95) ; 

- Chemical and Petroleum Engineering Department - Formation of ... (2 pages) 
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Formation of Co-Continuous Open- 
Ceiled Morphologies in Biopolymers 

Todd Crosby, University of Pittsburgh 
Advisor: Professor Sachin Velankar 

The objective, of this project, is to research various methods ot 
forming co-continuous (bi-oontinuQus) morphologies in two 
component blends. Each phase is 
interlocked within one another and removal 
of one phase will leave the other self- 
supporting. Applications of these structures 
Include biological scaffolds for cell 
regeneration, electrically conductive 
polymers, as well as numerous uses in the 
food industry. One popular method is the 
non-equflibrrum phenomenon, sprnodal 
decomposition. However, this unstable state, coarsens, orfom 
droplets, and the bi-continuity is lost One way to *free2e* the 
structure is through gelation. Further exploration showed that £ 
co-continuous morphology with one phase removed rs open. 
Another way to form an open-cell structure is by foaming, A 
problem with this is that cells tend to collapse. This is an open- 
ended project in its early stages of development. 

Searching through literature yielded two interesting options to I 
examined. One path is to foam a substance that is already 
gelled. The other route is spinodal decomposition with a 
biopolymer blend. The system chosen for spinodal 
decomposition was the easily accessible gelatin/dextran mixtu 
There is extensive information on this protein/polysaccharide 
system, such as phase diagrams and gelation under certain 
controllable conditions. However, there is limited information oi 
the modulus and tensile strength of this system as a function o 
time and at various quench depths and concentrations. These 
values will also be a function of porosity size. A useful 
contribution would be to report this Information and test the 
strength limits of possible scaffolds. 



The second path is to start with an aqueous solution of gelatin 
gel fomi and foam the substance. This is to be done using a 
high-pressure cell to dissolve caribon dioxide allowing a certain 
amount to diffuse Into the gel. The pressure is then rapidly 
dropped so that the CO^ nucleates and forms an open-celled 
structure. This is advantageous because there is only one 
component and it will be in solid-like form. Various moduli and 
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stiffness of gels will be tested during the foaming process. 



HOMB • I3ERARTMENT • PEOPLE • UNOeWGRADUATE - CRApgATE • RCSEAf^CH 
Copyright ©ZOOI University of PIttfiburdh School of Engineering. Ali Rights Rdfiefvad. 



http:y/ww.engr.pitt.edi^chemicaVundcf<aad/reu^^^^ 28,06:2004 

PAGE 1S24 * RCVD AT S/2f2004 12:22:49 PM [Eastern Daylight Time] ' ^ 



02/88/2004 18:14 +492022570372 DRAUDT US PAT AGENT S. 16/24 



MAtK'M- I)i:kki:r. In<.*. ■ ^ToMamjson Avi.Nrr - Ni w York. NV ioou* 

JOURNAL OK MACROMOLISCULAR SCIKNCI:*' 
Part C — PolyrtWf Reviews 
Vol. r4.1, Ni>. I, pp. S7 141.2nf« o ,» t 



Formation of Co-continuous Structures in Melt-Mixed 
Immtecible Polymer Blends 

|>ctra PiStechke'*' and D. R. Fau) 

Deparlnicnt of C'licmical Fnjpnecring aitcJ Tcxas Ma'crir^la Institute, 
The University of Tcxoit at Ausiiu, Austin. Texas, USA 



CONTENTS 

ABSTl^ACr '- 8« 

L INTRODUCTION.. 

2, Or-FINITION AND DllSCR^lPTION OF CO-CONTINUOUS 

STRUCTURES 90 ' 

3 i:QUATIONS for the rilASli JNVJiKSlON COMPOSITION 95 

4. IDRNTJFICATION, QUANTJnCATION, AND PROPliKTlFS OF 

CO-CONTINUOUS STRUCTURliS 101 

4.1. Identification nncl Spftciiil Properltcs of Co-con linuoux BIcndA JOl 

4vl,l. Microscopic methods . . , 101 

4.1.2. HxiritcUott method 102 

4.1.3. Mechanical propcnicw 102 

4.1.4. Melt rhcolo^y 105 



*CorrcsponclcTicc: Pctra PbLschkc, Inslitwte of Polymer Research Drcsiltii. Department of 
Pcrlymcr Reactions and Blends, JJohc Suisse 6, D-01069 Dresden, Germany; £-mail: 
pOC@iprdd.dfi. 

87 

DOl: 10,IO8i/MtM2CKHKo22 IS32-1797 (Print); IS^^-M.'^S (Otilinc) 

Copyrighl © 2003 by MJifCCl Oskkcf, Inc. w^*,w.dckkcr.coni 



PAGE 16124 ' RCVD AT 8/212004 12:22:49 PM [Eastern Daylight Tne] * SVR:USPT0-EFXRF-1/5 * [)NIS:8729306 * CSID:^92022570372 ' DURATION (niBS):08-04 



02/08/2004 18:14 +492022570372 



DRAUDT US PAT AGENT 



S. 17/24 



^fcjflL Maul hl i>i;kki:u. inc. - jto Mamison Avkni i; - Nrw Yokk. NY 

M:irCiM liclvkor. Inc. All rU:liix n,>i*iAi,sl, TliK iiii'iK'nul iiiM he itvO »*r iirpntiSiiivU iji ;in> I'ihiii U'liFiinil (Ih* c^prcsn ui-iitiMi |v]-niivvit>ii iii'Minvcl IVkkcr. ttic. 



8S ^ I'of^dikc anil Paul 



4.2. Qiiantification Co-continuOu:^ SlruclWC Mor|)hi>li>gy 107 

4.2.1 . Qiiantiflcation of the fitructuro &hapc and hoinogcnciiy 

from photoTnicrogTxipb.i 107 

4.2.2. Qiianttlic.'^tton of the Atniciurc coanscness Trcm 
phptavnicrogr&phft lOH 

4.2.3- QuantiFicati6n of co-Cf>itlinuOuS stmciiires hi 

ihrccnJimerisional samples 1 10 

4.2.4. Potential other methods 110 

5- DFVF LOPMUNT OF CX>- CONTINUOUS STRUCTURES 

DURTMG BLEWDING PROCESS l[\ 

5- ]. Civcoiilinijoua Slruclufes afi nii Intermediate State in Eady Mijting 111 

5.2. Co-coEitinuoj^ Slrnclurcs as an Intermediate State of Phase 

Inversion Processes lU 

5.2.1 . Phase inversion caused by melting pohit dificrenccs .......... 112 

5.2.2. Phase Invcrsjon caused by reactions in one or both 

components ]14 

5.2.3. Phase inversion caused by changes In processing condition* .... 115 

5.3. Formation of Stable Co-continuous Stmciiircs During Processing 115 

Mcchanifim _ , J 15 

5.3.2. InfluCneinl* facidre , 117 

5.3.3. Co^ontinuoaft compoaition range 120 

5.3.4. Structure stability 120 

5.3.5. Compatibilizcd and reactive blends J22 

5.4. Co-continuous Stnicturcs in Blends with Components Kxhibiting 

Melt Yield Stress 124 

6. EQUATIONS FOR THE.CO-CONTINUOUS COMPOSITION 

RANGI^ 126 

6.1. Model of WiUcm^w; ct al , , , '. 126 

(S.2. Model of Lyngsme-JorgdrtfiCn and Utmcki 128 

7. SUMMARY AND CONCLUSION 130 

ABBREVIATIONS ... 132 

ACKNOWLIiDOMENTS * J 34 

REFERENCHS : 134 



ABSTRACT 

Co-conitnuous vSiruciiircs can he regarded ns ihc cocxiatcncc of at least two 
ootitiftuous structtires within the wne vqlmnc. BlcndM with co^eotiiinuous 
sinjcturcR nriay combine the properties of both components irt a favorable way. 
for cxiiTHple, mechanical moduli. This rcvfcw article dads with the idenlilication, 
characterization, and properties of co-continuous stniciurcs as well as with the 
development of co-continuous structures during the melt blending process. 
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Ci^'««iiliDiiOiis Structure^ in Pnlyincr Blends 



Cocontiuuoiis structures usually can he formcxl within a cornposiUon region 
aboLU thq phase inversion composition, which mziitily depends on ihc vtRcosity 
ratio. On the other hand, co-contintious structures cat\ be found independent of 
composition as intemicdiatc g^^igcs dtirin^ iho initial state of morphology dtyti- 
opment and during phnKc mvcrnion process in blends in which the component 
finally fonning ihe dispci^od pha5fO fomis the matrix in cftHy mixing states. 
Id addition, even at low volume fractions of one coini>one»t^ stable co-con^inuoux 
motphologies can be cnratcd v»i7i|; suitable processing conditions, foTrning long 
elongated hilcrconncctcd jitmctures that do not break up because of the flow. 
The intcrfaclal tension playn an important role for the stability; a lower inter- 
facial tension lead's to broader composition ranges of co-eon tin nous strucluresr 
Another factor enhancing the rorrnation and jitability of co-oontinuous structure 
is melt yield stress of onc or both componcrts of blends. In addition, this article 
rcviewfi the stability of oo-contimious .structures during furihcr processing and 
the iftJluencc of compatibih nation on the structure formation and stability. 
Subsequently, two modeh dc^cribhijg the oo<omiiiuoi» compiwition range arc 
discussed, 

fCtry Wonis: Co-continuous structure; Phase inversion: Polymer blends; BJcnd 
morphology. 



Folyi^ier blcjids have become an important route to new, lii^h-perfonnrttKe 
polymeric tnateriak over the lasl 40 years. Tlie tccbniqiie of blending polymers can 
serve many difrerent purposes. By usinij suitable blend technology, combinations of 
T^ldc mnge of physical, mechanical, and other properties can be achieved and adjuslc-d 
to the needs of particular end-u?;e applications. OHen synergistic efTects can be 
achieved J'-' Other reasons to use blends can include improved processing behavior 
or lower cost. Most commercial polymer blends are immiscible Ixscause of their high 
molccuEar weights and unfavorable inlejactJons and, thus, form multiphuse structures. 

The properties of multiphase materials ar(5 detenu ined by the properties of ihu 
component polymers, by I he adhesion between pha.scs, and by the blend morphology 
that is created during the melt mixing process.^*^^ The morphology development 
depends on the rhcological proptJrttes of the blend components^ intcrfacial lonsion, 
blCltd COnft position^ and processing cojnditionsJ^^ 

The structure obtained after mixing of immiscible polymer pa«*5 can be 
categorized iiilo four basic morphology types (Fig. I): 

« Matrix-disjTerscd particle strucmrcs 

• Matrix-fiber structures 

• Lamellar fitructures 

• Co^ntinuous structures * ^ 

Most comnicrciol polymer blends have matrix -dispersod particle struct urcS.^^' 
Especially for tubhcr toughening of polymers, a great deal of knowledge has been 
developed concerning the influence of rubber particle si^, rubber type, rubber 
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content, and intcrfacial properties on inecbaniciil pr^">pcrtic*5. There is an increasing 
inlcrcjit ifi co-continuous blcnOu bccaus<2 1 his morpholoj^iy lypc can ^jffiir sonic better 
comhinjitions of Hie component prtipcrties than arc possible TroTn iHsperswi-typc 
struct urcsJ'^'^^ For cx?imple, a co-continiuniJi struclure gives Ihc maximnTti contribu- 
tion lo the mcchaniciil modulus from each comportcnl srmuhjncousJy;'^"'*' synergistic 
cflccts on impact properties have also been sliown in the litem,! ure.'^*'^' 

Examples of commercial co-coniinuous blends include conductive modified 
PP/?E/EPR-blends,^**'^ PP/PU-btcnds''^' or PA6/TPE-blcnds,t'^^^^' and co- 
continuous blends hstfied on PA6/ABS''^'*'^ having high impact properties. 

To take advantage of co-continuous structures in. materials produced by mclt 
mixing, it is importcint to understand which processing conditinuR lead to their 
fonnation and especially the conditions for their stability. U is still not cleat under 
what conditions and by which naccbatjifim a co-continuous structure may he foi-mcxL 
and whether a co-continuous structure can l^o stable or if it h jumply an unstable 
intermediate that eventually transforms into a dispersed morphology. Therefore, this 
paper inest to summarize the State of knowledge about this Structure type. 

Co-continuous structures can result from a number of dilTcrcnt processes. 
Although we will focus on mcU mixed bknd systems, co-continuous structures 
formcsd during the demixing process of misciWc systems by spinodal decomposition 
are known and well investigated/'^^ Since rnn<it industriaDy useful polymer combina- 
tioas wjlh high molecular weights aro completely immiscible systems without a mls- 
cible region under the melt mixmg c<:>nditions, this mechanism is mOTC an exception 
in melt-prod uccd polymer blends. A second way lo get co-<:ontjnuous structures^ but 
on the mixing level of polymer chains, is the synthesis of interpenetrating molecular 
networks.^' This level of mixing cannot be achieved by melt mixings only by 
Mmullaneous or sequential chemical synthesis of the poljmers themselves. Block 
copolymers can form co-coniinuous structures of the blocks for certain block lengths 
and coropositionsJ*' 




2. DEFINITION AND.DESCRIPTION OF 
CO-CONTINUOUS STRUCTURES 

There are dilTercnt Opinions about how to dcfme co-continuous structures in 
polymer blends. Two main views are summarized here. The first describes an ideaUy 
cx}-contiAiious structure in a classic way, which is defined as the coexistence of at 
least two cotitijr»uou.«j structures within the same volume; this means both compo' 
nents have ihree^unensional spatial continuity on some linite scale of mixing.^^^ 
In a oo-continuous polymer blend^ each component is a |>olymer phase with its owa V<- 
internal nctwork-litce structure from which its properties result. This general defini- 
tion includes different scales of mixing. In fact, in (he literature, co-continuous phase 
structures arc oflen also described as interpenetrating polymer networks (IPNs). 
in which the network is formed of macroscopic. phase volumes^^*^ and are called 
Ihennoplastic IPNs,^'^^ IPNs of phases/^ inlcrpcnclrating co-continuous phase 
structure,^^*' interpenetrating phase structures (IPSs),*^*^ or interpenetrating polymer 
blends (IPBs).^^^^ The term IPNmorc typically refers lo a bicontinuous structure on 
the mixing level of polymt:r chaiiis,^^°^ Other terms used in the literature to describe 
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Co-continuous Sfrnctnrcu in Pnlyjncr BIcndK 



n 




c) 



f'Cure I. Types of moip liolof y in immiscible potytnor blends, illustrated by SHM plioto- 
tnicrographs of crys>rniCturT5s. (a) Dispcrncd structure (TPU/FF = BO/20 blend); (b) mairix-- 
fibw-struciuro (PA6/S AN =30/70 blend): (c) lAiwclIar nrucluro (PP,'FPT>M =^80/20 blciid) 
(Rci^rcxJuccd by pcrmURion from Kcf.'^*^); (d> co-continuous sirucluni (PK/PS compatibilin^d 
2S/7S hlcsjid, PS ctcKod). 



co-continuous structures arc structures wjih dual-pheisc conlinuily'^^*-^'"^*' or 
Oo-pha£e continuity 

.In a binary co-continuous blcoil, ihc Surface t>f each phase is an exact, 
topological replica of the other; they are complcmcntanly reversed (antitropic)* 
as shown in Fig. 2. Co<-cx)ntinuou.s structures can be farmed over a certain interval 
of volume fractions. The co-continuous range can be very narrow or quite wide and 
is centered about the phase inversion COmpoftilion whieh is also ctillcd ihc phojie 
inversion point. Equations have been developed to estimate this composition, 
and these ar& di,scussecl in Sec- 3, A model describing the volume ritnge in wWcb 
co-coniinuous structures can be formed is presented in Sec, 6,1, 

The second definition is based on the percolation threshold theory and takes into 
account that the structures formed by melt mixing of polymers represent a coexistence 
of diflerent structure types rather than an ideal network. Lynguae-Jorgenscn and 
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Figure 2, Model of ihc ^Tiii tropic structure of both components of a co-coutinuoii& blend 
ACCOK^ing to Gcrgcn (Reproduced by permiKJiion from Ref.'^^), 



U track define a ct»-C<>nttnuous structure a.s one in which at least a part of 
each phase forms a Coherent conlinuous Structure lhat pcrmealcs the whole volume. 
This definition also allows some part of ihc components lo Q^is-l U\ discrete domains 
that arc not part of ihc nclWork Structure, The volume fraction at which the system 
changes from containing only discrete domains of one phai^e to a system containing 
one infinite structure (and discrete domain?;) deJOtties the transition point and can be 
also expressed aa the cnticsd volumu fraction, (^cct percolation threshold^ as shown 
in Fig. 3. Significant changes in the properties of the blend occur at this point. As the 
volume fraction increases^ the proportion tif the minor component incorporated in the 
percolation structure increases. At a certain volume fraction, this otilirc component 
becomes part of the percolation structure, thereby achieving a fully co-cominuous 
structure. The continuity index <f>i,'^^^ aiso called "the degree of (co-)cootjnuity,'^*'''^^^^ 
interpenetration index*'^*''^" or continuity fraction J''^^ ropresorits the portion of 
a component that is part of the penDoIatint^ structure. Its calculdtiaa is described 
in Sec. 4.1.2, 

In a certain sense, tho first del]j(iitJon is a special case of the second One in the 
situation when the Continuity index is equal to one for both phases. In most papers 
included in this ncvicw, the icfrti "co-continuous structure" is generally used marc in 
the sense of the flrst definition, which. mt-ans a complete network structure of both 
polymers. If not stated otherwise, wc will follow this delinition. Some authors also use 
the term "fully co-conlincious Structure" to distinguish this case from the second 
definition. The disiidvam^ee of the second definition is that the "continuity indeTt" 
is re^^Oiircd to dcs^'ibe the structure and its influence on properties, but on the other 
hand, the advantage of this definition is this connection With properties. Some other 
aspects related to this definition will he discussed in Sec. 6.1. 

To develop co-continuous structures by intensive mixing of two molten 
polymers in a shear field, the most elTcciivc mixing can be achieved when the 
viscosities and the volume fractions of the two components arc equal (cqui volume, 
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i-^fifv J. CcMx>n:inuous stniclurc composition range iising dclinilron I and dcfniition 2 
[Bcgording to Lyiigwo-JHTgcnscn and Utrscki^'^^'^*^ using the critical volume fraction 4^on 
the COntiwuily index tD^/sind I he phaKC iiivcriion COmpcKtitiOn 



cqui viscous mixing). Equal- vol nine fractions maximize the opportunity for maintain- 
ing connectivity because neither component 5s present in a minor amount. But 
in mo?vt systems, the viscosities of the ^components are different. The low-viscosity 
phase lends to be continuous because this minimizes energy dissipation in the flow 
field. To compensate for this tendency, the volume fraction of the higher-viscosity 
component has to l>e increased to the same extent as the viscosities ditler to maintain 
the connectivity between the phases. This relation is shown qualitatively in Fig. 4. 
These considerations htv ihc basis for somo of the equations for the phase inversion 
composition, whioh iin: described lii ScC. 3. 

In a quiescent melt, a co-<xintinuous structure will be transient, in the absence of a 
kinetic barrier to flow, because the intcrfacial (ension between the incompatible poly* 
mer components drives the SyStCm towslrd a minimum SurfEicc fruo energy. This will 
result in breakup of the co-continuity and lead to phase domain growth. Only when 
the network structure is kinetically inhibited from breakup and retraction can the 
co-continuous stnicture be preserved. ThijTcan be achieved by chemical or phy.sical 
crossli liking of at least one phase or of the interphase. Rapid quenching of such a melt, 
prior to retraction^ will ptcscrvc the structure by crystaUl^^ation or vitrification. In 
processing, it shouJd be possible to mainiain the co-continuo us structure by suitable 
flow conditions wliich prevent breakup and retraction. Stability of co-continuous 
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tigvrc 4. Rdntion between tlic volume niTi£;c of co-coiiliniious structures an^ the vi<tceaUy 
ratio. 




a) b) 



Ftgufv 5. (a) Model of the skeletal structure lypt accotvling to Gct^w (Reproduced by 
permissSom from RcfJ^^), (b) SEM of a PA6/AnS ^ 50/50 blend nftQr etching of PA6 showing 
the skeletal structure ty pe. 



structvircs will be discussed in Sec. 5.3. for noncoiiipa(ibilj?:e<i as well as for cornpali- 
bilizwJ at)d reactive blends. 

It has been shown that slrUCturaJ reaiTangemcnt or retraction can be inhibited 
in blends containing thermoplastic clasto^pers, like StyrenC-buiadiene-slyrenc (SBS) 
coi>olymers and hydrogenated wrsions such as styrcnc-clhylene-hulcne-styrenc 
(SBBS) copolymcrs,'^^'^^'^ or poly(clhcr ester) (PEE) copolymers based on 
poly(tetratnethylene oxide) and poly(butylcnc icrcphlhalate) sBgrnenls.^"*^"**'^^' 
In addition, these blends can show very broad co-continuous conniposilion ranges, 
Tliis effect was first observed and discussed by Gergpn.^*^^^^^ who itidicated that 
some block copalymcrs can form a skclct^il siructure, as illustrated in Fig- 5- 
Because tbey arc usually the component with the higher surface tension and viscosiiy, 
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Co-continuoiTS JJtructiii'tt: ill Polymer BUfitf-^ ^ 

Ihc block copolymers Torm convex surfaces af the skclctul slrucUirc. The olhcr 
ix>lymer lakes up the anlUropic continuous Rtriiclurc. The faclor piovcnling breakup 
and retraction is ihe yield stress, which h typical for those block copolymers in certain 
compositions, an &hown by GorgcnJ^^ Elmendorp,*'"*^ and Wccn^mP^^ Therefore, 
such blends arc very stable over wide processing condilions,*^'''^'*'^^'"^' '"'''"! which is 
in contrast to other co-continuous blends. Because of ihutr special behavior, blends 
with componcnlS exhibiting a yield stress will be discussed separately in Sec. 5.4 
in detail. 



3. EQUATIONS FOR THE PHASE INVERSION COMPOSITION 

II is the final stale of dispersion that is important lo the end-nsc properties of a 
polymer blend. The component tliat forms the matrix generally dominates the 
properties of the blend. Thus, in co-continiuvus blends, both components contribute 
more ec^ufilly to the properties. Because of these morpholOgy-property relations, it i$ 
of interest lo determine In advance whieh phase will form ihe matrix and at whi<;h 
compositions co-continuous structures most likely can be formed. Some attempts 
have been made over the last 25 years lO esdmale the pfiase inversion composition 

in terms of material properties and processing conditions and to compare these 
e(|u:!ltions with eApcrimcnLal findings. Usually co-COntinuouS structures can be 
formed within a composition region about ^pt- Naturally^ the phase inversion 
compositions reported in the literature, and the range of compositions where 
co-conlinuoiw structures form, depend not only on nJaterial and processing 
i:>5i rametcrs but also on the experimental concentration step size used and. the 
identification method employed. 

Tlie following is a simple relationship describing the phase inversion composi- 
tion in terms of volume fractions and viscosities stemming from the considerations 
presented Ja Sec. 2 (sec Fig- 4). 

where rft i-s the viscosity and 4>ijn 'S the volume fraction at phase inversion of the 
component /, Using X=rij|/ij2 and ^i.ri^1 — 02,pi the phase inversion composition 



This idea was first suggested from data by Avgeropoulus et alJ'*'*'*'*' in 1976 and 
was generalized by Paul and Barlow^"*^^ in 1980. The relationship was expressed 
in terms of the equation shown by Jordhatno ct alJ'"^ in 1986 and later extendiad 
by Miles and Zurck^^''* in 1988. 

For blends without interlaycr slip, there is stress continuity across the interface 
between matrix and dispersed panicles. For non-Newtonian fjuids, the viscosliy 
ratio should be calculated at the shear ^stress U5»d for the preparation of the 
blcnds.'^*^^''*^ Avgeropoulus^'*^'*'^ used the torque ratio (x,/ta) rather than the 
viscosity ratio, which is convcnie*it since such blends are often mixed in a torque 
rhcomeler or similar compounding devices. In blends with large viRcosity di (Terences, 
the use of viscosity ratios calculated at constant shear rate, as introduced by 



becomes: 



(2) 
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